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Analysis of future space energy needs has indicated a variety of
missions requiring total eneivgies exceeding those of past missions by
two or three orders of magnitude (1 to 100 kW). A major part of such
a system will be the power converter and inverter subsystems which
process this energy to meet user requirements,

One of the major components within such a power subsystem is the
magnetic device. This component is used for voltage and current
transformation, input/output filter sections, parameter sensing, and
semiconductor control. Recently, attention has been given to the
different loss characteristics of magnetic devices observed under
various excitation conditions.

This dissertation examines the basic magnetic properties under
various operating conditions encountered in the state-of-the-art
DC-AC/DC converters. Using a novel core excitation circuit, the basic
B-H and loss characteristics of various core materials may be observed
as a function of circuit conrfiguration, frequency of cperation, input
voltage, and pulse-width modulation conditions. From this empirical
data, a mathematical loss characceristics equation is developed to
analytically predict the specific core loss of several magnetic mate-
rials under various waveform excitation conditions.

Previous magnetic core characleristics were observed using either
a voltage svurce or a current source. For a core being excited in
either of these modes, the voltage or current characteristics are ob-
served as the independent variable. However, the excitation circuit
used for this dissertation uses a high power wide bandwidth operational
amplifier which senses the derivative of flux with time as the con-
trolled parameter. Under these conditions flux is observed as the

independent variable with voltage and current as the dependent vari-
able.
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Power measurements were obtained using a true RMS wide bandwidth
wattmeter. The B-H louop characteristics were observed using an X-Y
oscilloscope. This experimental excitation set-up allowed the mag-
netic characteristics to be measured and observed under square, ramp,
and sinusoidal flux conditioms,

Using this flux controlled excitation, magnetic core character-
istics were developed for constant values of ramp flux and frequency.
These characteristics will show the circuit designer for the first
time the functional relati-aships between induction level and specific
core loss as a function of the two key DC-DC converter operating
parameters of input voltage and duty cycle.

Core excitations involving symmetric and asymmetric conditions
for both sinusoidal and square wave waveforms were investigated ana-
lytically using three specific core loss calculation methods. Experi-
mental data was used to compare the accuracy of these methods. The
predicted and measured specific core losses were within 10 percent of
each other for all conditions analyzed. 1This deviation is within the
error band of the instrumentation. Therefore, these methods will ana-
lytically predict the specific core loss for any type of voltage exci-
tation encouvntered in DC-AC/DC converter configurations using only
one set of characteristic curves for the specific magnetic material,
core configuration, and tape thickness.
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CHAPTER I
INTRODUCTION

Magnetic materials offer the power electronics designer a wide
range of magnetic characteristics (Ref. 1) from which he must select
those materials applicable to his particular DC-AC/DC converter design.
Like their semiconductor counterparts, magnetic devices display fami-
lies of operating characteristics which are functions of frequency,
temperature, basic material composition, fabrication techniques, and
driving source impedance (Ref. 2). The interaction between these var-
ious functions may be explained by ferromagnetism, material properties,
or domain wall movement (Ref. 3). However, for power electronics appli-
cations it is desirable to provide a set of magnetic characteristics
which are easily understood and accurately predict the performance of a
particular magnetic material when applied in a specific DC-AC/DC con-
verter configursiion.

Thi1> dissertation examines the B-H and loss chars-~teristics of
several magnetic materials used in present state-of~the-art power proc-
essing circuits. The effects of variables such as frequency, voltage
level, volrage waveforms, and modulation upon the inherent material
character.stics are explored using only externally measurable quanti-
ties.

Traditionally derived core loss data are presented as a function
of flux density with frequency as a parameter. In general, hard exper-

imental data is raken with sinusoidal voltage excitation of 60 or



400 hertz. The family of characteristic core loss curves are then gen-
erated by using a mathematical formula such as that proposed by Legg
(Ref. 4). However, this method is only valid for low values of flux
density. Only recently has attention been given to the different loss
characteristics of magnetic materials observed between sinusoidal and
square-wave excitation conditions at 10,000 hertz (Ref. S). 1In the
past, only circuits having similar excitation conditions rou'd utilice
these loss characteristics. Newly available state-of-the- ‘rt instru-
mentation equipment, and mathematical techniques developed in this dis-
sertation allow the power electronics designer to calculate the specific
core loss for various nonsinusoidal, and asymmetrical square wave exci-
tation conditions using oniy these loss characteristics.

The square wave B-H loop and associatad core loss characteristics
may be observed in a unique manner by means of an excitation source in
wanien the flux rate of change (d¢/dt) is observed as the indgepender.t
variable, and the power loss is measured using a wide bandwidth (DC-
300 K Hz) wattmeter. This excitation circuit, which is fully described
in Chapter II, allows the control of an additional variable, d¢/dt,
rather than just the driving frequency as is the case for all previc-
sinusoidal core loss measurements. If the excitation is restricted t.
that of a constant frequency square wave voltage having a variable duty-
cycle, the d¢/u. effects may then be determined for various constant
values of By independent of frequency. For .ne first time, the dis-
tribution of tie B-H loop area is =hown to be dependent upon the posi-
tive and negative d¢/dt ramp rates. The wideband wattmeter allows
core loss data to be accurately measured under these conditions. This

procedure allows a true separation of the variables ¢3%/dt, frequency,



and By. This data is then used to develop the functional relation-
ships of nysteresis loss with BM’ and eddy current loss with By and
d¢/de.

Sinusoidal core loss characteristics for a particular magnetic
material and lamination thickness are generally shown with flux density
as the independent variable, specific core loss as the depeadent vari-
able, and frequency as a parar. er (Ref. 6). Data collected with the
new excitation circuit is based upon values of constant d¢/dt which
corresponds witn square wave excitation. The core loss characteristics
are shown witn frequency as the independent variable, specific core
loss as the dependént variable, and d¢/dt and flux density as param-
eters.

In Cnapter III these loss characteristics, the B-H loup behavior,
and the instantaneous power waveshapes observed for the various wave-
forms are used to develop three methods which analytically predict the
specific core loss for magnetic materials. A pulse width modulated
square wave witr. a 10 to 50 percent duty cycle is then used to compare
the experiment. and analvtical accuracy cf each method.

The first method, which is similar to the sinusoidal analysis
tecnniques already in common use, allows the specific core loss to be
calculated directly fror the characteristics knowing the maximum flux
density (Bd) ard the frequency of operation. To calculate the value
of BM for the excitation pulse, the cross sectional area of the core,
number of turms, excitation voltage level, and pulse width must be
known. In the second method, the specific c re loss is calculated by
using d¢/dt and a. "equivalent'" excitation frequeucy.

The value of d4/dt is directiy proportiocal to the input voltage



and inversely proportional to tne number of turns on the core. The
"equivaleut" frequency is inversely proportional to twice the pulse
width. The third method is dzveloped as an extension of the second
method. Tue excitation pulse is subdivided into a discrete number of
time steps. The average voltage level is determined for each time
step. This veltage level along with the number of turns on the core
correspond to an incremental value of d¢/dt. This :orresponds to an
incremental loss at some "equivalent' frequency. The total specific
core loss is then the summation of these incremental lossec divided
by total period. These methods cover the functional relationship
between induction level and specific core loss as a function of exci-
tation voltage level and duty-cycle characteristics.

The concepts developed for the square wave in the third method
are extended to analyze other types of waveforms in Chapter IV. A
general equation form is used to relate the specific core loss to
d$¢/dt, and the equivalent frequency of the excitation. The coeffi-
cient and expc.uents that relate these variables are dependent on the
magnetic material, and the tape thickness, or grain size. Using this
general equation a computer algorithm is then developed which autc-
mates the analysis procedure. Analytical and experimental results
are compared for sinusoidal and nonsinusoidal examples using three
differert core materials and configurations. As a final example the
specific core loss characteristics for 1/2 mil Supermailoy mat:rial
under sinusoidal excitation are generated using the characteristic
equation for square wave excitation and the computer algorithm.

Finally, Chapter V presents the conclusions of this work and sug-~

gestions for future research in this area. Spec fic core loss data



for several magnetic tape materials and ferrite are presented in
Appendix A. A glossary of syvmbols and their associated units are

in Appendix B.



CHArTER 11
INVESTIGATION OF MAGNETIC CORE CHARACTERISTICS
2.1 Introduction

The analytical core loss calculation methods developed in this
dissertation are based upon the core characteristics observed under
controlled flux excitation. The width of the B-H loop was found to
be a function of both the flux rate of change (d¢/dt) and the maximum
flux density (BM).'

In all the specific core loss (SCL) characteristics presented,
both positive and negative values of d¢/dt were held constant over
one cycle. These d¢/dt conditions allow symmetrical square wave
voltage excitation of the magnetic material under test, With the data
recorded in this manner Faraday's Law (Ref. 7) is then used to calcu-
late the d¢/dt value directly using the excitation voltage level,
and the number of turns on the core. In an actual DC-DC converter
application the excitation voltage level is the input voltage being
applied to a particular magnetic device. Using the SCL characteristics
as developed by this method, the power electronics designer may for the
first time calculate the SCL for the magnetic device directly knowing
only tie input voltage, duty cycle, and tne frequency of operation.

I1f the effective cross sectional area (Ae) is known, then the
flux density in the magnetic material may be calculated. To accurately
determine the value of A, the physical cross sectional area of the

core (A;) and the stacking factor (SF) must be known. Four methods of



determining the SF value for cut cores are presented in this section.
The results of these methods indicate that the SF value for this

core configuration can be measured to within 5 percent of its actual
value,

The excitaticn circuit allows three different source configura-
tions te be simulated. By using voltage feedback the excitation source
represents a voltage source. If current feedback is used, the excita-
tion source represents a current source. When flux feedback is used,
the vbserved magnetic characteristics become independent of source im-
pedance. Thus, true sinusoidal or square wave voltage excitation can
be easily generated. This excitation circuit eliminates many of the
problems encountered with conventional square wave excitation sources.

The instrumentation system was designed to efficiently collect
the _ore loss data required for the development of the desired SCL
characteristics. The system was also used to run the desirea experi-
mental waveshapes against which the analytical core ss calculations
were then compared. The instrumentation system utilizes a Phillips
PM 3252 multiplying oscilluscop> for observing instantaneous P (t)
waveshapes. A Tektronix 7704 maiiiframe is used to simultaneously cb-
serve e(t), i(t), p(t), ¢(t), and the instantaneous B-H loop.

2.2 Review of Magnetics Equations

All available presentations of specific core loss characteristics
display flux density as the independent variable, SCL as the dependent
variable, and frequency as a parameter. To use this data requires that
the A, of the core be accurately known. This parameter is not always
readily available and is inaccurate in most of the published data.

However, for the majority of power electronic applications the input



voltage, frequency of operation, number of turns, and duty cycle con-
ditions of a magnetic device are known.

In a magnetic device a time-varying magnetic field produces a
voltage which mar establish a current in a suitable closed circuit,
Faraday's law (Ref. 7), expressed in the CGS electromagnetic system
of units, shows the relationship between this changing magnetic field
and the induced voltage:

e(+) = ~(dp/dt)x10~8 volts (2.1)

The minus sign indicates that the voltage is in such a direction as to
produce a current whose flux, if added to the original flux, would re-
duce the magnitude of the voltage. This statement that the induced
voltage acts to produce an opposing flux is known as "Lenz's law."

If the magnetic field is coupled by an N turn conductor, then

e(t) = -N(d¢/dt)x10"8 volts (2.2)
By use of equation (2.2), transformer equations for both sinusoidal

and -juare wave voltage excitation may be derived. If e(*) represents
a square wave of voltage, then ¢( ) would be a ramp function with its
slope proportional to the volts/turn ratio. Over one half cycle
(0 <t <T/2), e(:) has a constant value E. For the same interval
() gc e from -¢M to +¢M. The standard form of the transformer
e u ition for square wave excitation is obtained by integrating equa-
tion (2.2) over this half cycle interval:

¢=+¢M t=T/2

de

b=t t=0



% Exae® T T/2
¢ J =-—xt
_¢M Jdo
26, = - Ex10° T
M 2N
Rearranging terms
_ -1 -8
E = -4¢MT Nx10 © volts (2.3)
Since
¢M = BMAe = BMACSF maxwells (2.4)
and
-1
f=T" Hz 2.5)

Substituting (2.4) and (2.5) into (2.3):

8

E = -4BMACSFf Nx10~° volts (2.6)

If e(t) represents a sinusoidal voltage, then ¢(t) would be a
cosine function. Over one half cycle (0 < t < n/w), e(t) is a sine
wave with an amplitude of vZ E. For the same interval ¢(t) goes from

-¢M to +¢M. The standard form of the transformer equation for sinus-

oidal excitation is obtained by integrating equation (2.2) over this

interval:
8
d¢ = - —/—2——%&9- sin wt dt
¢=‘¢M 0
oy /2 Ex10° m/w
¢j = + oN cos wt
-¢M 0
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ve o . 277 Ex10°®
¢M wN
Rearranging terms
_ -1 -8
E = -(/2) by Nx107" volts (2.7)
Since
w = 2nf rad-sec-l (2.8)

Substituting (2.4) and (2.8) into (2.7)

E= -7t By, SF 2nf Nx10"8 volts

or
E = -4.44 B SF f n><10"8 volts (2.9)
wic .

By using Equation (2.9) the flux density for a given excitation
condition may be calculated. Once this value is known, published SCL
data for sinusoidal excitation may be used to directly determine the
SCL for a particular magnetic material. To the author's knowledge,
published data for square wave excitation conditions is essentially
nonexistent, However, using the methods described in this disserta-
tion square wave characteristics may be easily obtained. The square-
wave SCL characteristics have a distinct advantage over the sine SCL
characteristics because the effects of an additional parameter d¢/dt
may also be examined using the same set of characteristics., In addi-
tion, by rearranging the representative axes with frequency as the in-
dependent variable, and SCL as the dependent variable, with B” and
d¢/dt as parameters, the characteristics become easier to use., In

Chapter 4 the square wave SCL characteristics will be used to gen-
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erate the sinusoidal SCL characteristics directly.

The SCL characteristics shown in Appendix A represent the total
core loss as a function of frequency. If the energy loss is examined
on a per cycle basis (Ref. 8), the effeczs of d¢/dt, B,, and frequency
may be observed. The energy loss associated with the hysteresis loop

is readily determined using Warburg's law (Ref. 9):

v o= L -
v H dB watt-sec (2.10)

In the instrumentation system used, the input current to the core
under test was observed as the abscissa, and the integral of the input
voltage was observed as the ordinate. Using Equation (2.2), and the
chain rule, Equation (2.10) may be rewritten in terms of the input

voltage ei(t) and the input current ii(t):

=T
‘—l— :‘l.
0

.
t=T
= - Tlﬂ-\,/" |iNL_1 1i(t)][A;1N-lei(tﬂ dt
t=0
Y t=T
W, = —(lmLAe) f pi(t)dc watt-sec (2.11)
t=0

Equation (2.11) indicates that the area enclosed by the observed
B-H loop is proportional to the energy (hysteresis) loss per cycle,

Separation of the eddy current, hysteresis, and anomalous loss
components (Refs. 10 to 13) of the total core loss has been explored
using only sinusoidal excitation methods. However, by using pulse
width modulated square wave excitation techniques a direct separa-

tion of loss variables may be accomplished,
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2.3 Calculation of Stacking Factor

Four different methods were used to determine the stacking factor
of the cut cores used for this dissertation. The oil displacement
method and t+2 cross sectional scan method used the physical properties
of the core to determine the stacking factor value. The sinusoidal
and square wave excitation methods used the electrical properties of
the core, and an assumed value for the maximum flux density. Super-
malloy cut cores with 1/2, 1, 2, and 4 mil tapes were used and the
stacking factors obtained using these four methods were compared with
published values. Table I shows the results of this comparison. The
four methods used ére discussed in detail below:

Displacement method. - In this method Archimedes' principle

(Ref. 14) is used to determine the true d. placement volume of the

core. First, the core is weighed in air:

wcore o pcoreVFe
air
or
= -1
Vre = Ycore | ®core)
air
TABLE I. - COMPARISON OF FOUR METHODS FOR DETERMINING
STACKING FACTOR WITH PUBLISHED VALUES
Tape Displacement Sine ex. Square ex. Cross sec. Published
thickness, method method method method value
mils
J.5 0.865 0.885 0.843 0.914 0.80
1.0 .888 .928 .856 .895 .90
2.0 .932 .965 .934 .941 .92

4.0 .927 1,00 .934 .967 .94



13

Next the core is weighed in an oil of known density. The displace-
ment weight AW is then

AW = W -W =
core . core .
air o

poilvcore
il

or

_ -1
Vcore - Aw(pcoil)

The stacking factor is the ratio of the air volume of the core to the

oil volume of the core:

Ve
Stacking factor =
core

Example:
Core: 1/2 mil Supermalloy cut core Peore = 8.7 gm-cm'3

. = —em™3
w°°reair' 345 grams Poil 0.928 gm-cm
Weoregjy: 302.5 grams AW = 42.5 grams

Stacking factor = (345/8.7%/(42.5/0.928) = 0.865

Excitation methods. - These are indirect methods in which the

saturation flux density is used to determine Ae. The core is excited
until the current waveform indicates that the core is in the satura-
tion region. Then the excitation voltage level, and frequency are
measured. Using the transformer equations derived in Section 2.2, Aé
may be calculated:

For the sine wave:

44 0-8) ™"
A, = E(4.44 B, f Nx10)

For the square wave:

= E(4B.£ Nx10-8) T
A, = E(4Byf N )
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The stacking factor is expressed as

Stacking factor = AeA;1

These values are measured at several frequencies and an average stack-

ing factor value is calculated.

Example:
Core: 1/2 mil Supermalloy Ac: 2.277 cm2
N: 10 turns BM: 7.2 KGauss
For sine wave data:
f’ e’ Ae’
hertz volts 2
cm
600 3.86 2.01
700 4.48 2.00
800 5.13 2.00
900 5.83 2.02
1000 6.5 2.03

— = 2
Ay 2.01 cm
Stacking factor = 2.01/2.277 = 0,883

For square wave data:

£, e, A,
hertz volts 2

cm
600 3.36 1.94
700 3.86 1.91
800 4.41 1.91
900 5.07 1,95
1000 5.44 1.89

K; = 1.92 cmz

Stacking factor = 1.92/2.277 = 0.843

Cross sectional scan. - In this method a microphotograph of the

core cross section is used to determine the stacking factor value. An
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optical micrometer is used to measure the adhesive thickness and the
actual tape thickness. Since the tape width is constant, the stacking
factor is the ratio of the tape thickness to the tape plus adhesive
thickness width or

Stacking factor = Ttape/(Ttape + Tadhesive

)

If these values are measured at several points across the core sur-
face, and average stacking factor value may be calculated. 1In Fig-
ure 1 the microphotographs for the four tape thicknesses are shown.

Example:

Core: 1/2 mil Supermalloy

Tape thickness, Adhesive thickness,

in, in.
0.000609 0.00003125
.000578 .0000375
.000537 .0000375
0.000546 0.0000468
'1‘tape = 0.000546 (in.) Tadhesive = (0.00005125 (in,)

Stacking factor = 0.000546/(0.000546 + 0.00005125)

0.914

2.4 General Experimental Set-Up
Previous excitation methods have used feedback control schemes
(Ref. 15) to reduce the harmonic content of the sinusoidal excitation
by controlling the apparent source impedance. For this work, feedback
control is used to achieve the desired voltage excitation. If a square
wave voltage is required, a triangular reierence voltage is used. If

an impulse voltage is required, a square wave reference voltage is used.



{a)

"

(b} 1 mil Supermallny tape.

Figure 1.- Cross section Microphotogrz~" of 12,1,
and 4 mil Supermalloy cut cores,




(d) 4 mil Supermalloy tape,

Figure 1. - Concluded,




18

And, if sinusoidal voltage excitation is required, a cosinusoidal ref-
erence is used. Figure 2 shows the voltage, current, and flux relation-
snips for each of these flux reference conditicns.

‘The complete instrumentation system is shown in Figire 3. A high
power operational amplifier was designed which allowed t.e option of
selecting eitner voltage, current, or the integral of voltage (flux)
as the feedback parameter. A Wavetek model 146 signal generator was
used to generate the desired symmetrical flux waveshape. An ICL 8038
multifunction integrated circuit was used to generate the asymmetrical
square and sinusoidal reference waveforms. The excitation frequency
was measured with a Hewlett-Packard 5212A electronic counter. A
Clarke-Hess model 225 wideband wattmeter (J to 300 kHz) was used tc
measure the average input power into the core under test. This in-
strument allows the power delivered by a 100 kHz square wave to be
normally r:asured to within 2 percent. The internal current shunt
in the wattmeter displays the input current signal used for several
nmeasurements. A Phillips PM 3252 multiplying oscilloscope was also
used to obtain the instantaneous pi(t) in the core. The input volt-
age to the core was measured with a Hewlett-Packard 3403C true RMS
voltmeter. The Tektronix 7704 oscilloscope was used to observe ii(t),
ei(t), ¢o(t), pi(t) as well as the instantaneous B-H loop of the core
under test.

2.5 Source Impedance Effects

Source impedance effects discussed in the literature {Refs. 16
and 17) show that the width of the B~H loop to be dependent upon the
driving source impedance. By changing the feedback parameter on the

.

operational amplifier, a voltage o RL) or a current source
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(RS >> RL) may be simulated. The fiux, current, and B-H loop charac-
teristics for these two source configurations are suown in Figures 4
and 5. For the same BM conditions, the width of the B-H loop is
wider if the core is being driven by a current source. However, if
the flux is observed for these two source conditions it can be seen
that for sinusoidal current conditions, the flux approaches a square
wave. This is a condition having a higher d¢/dt rate in the core
than that realized under sinusoidal voltage conditions. Therefore,

the observed B-H width is really a function of d¢/dt rather than

being dependent upon source impedance.



f} )fz
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Figure 4. - Relationships for i(t), e(t), and @-1 under voltage excitation,
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Figure 5. - Relationships for it), g(t). and -1 under current excitation.




CHAPTER III
ANALYTICAL CORE LOSS CALCULATIONS
3.1 Introduction

Analytical prediction of core loss in magnetic materials is
important from both an economic (Ref. 18) and an engineering design
(Ref. 1Y) staandpoint. Accurate prediction allows design tradeoffs to
be made between the areas of weight, efficiency, and performance. In
addition new circuit developments employing magnetic devices may be
more fully analyzed without hardware fabrication. Early work (Ref. 20)
at frequencies of up to 200 kHz was aimed at measuring the magnetic
properties of iron. Separation of core loss into its specific compo-
nents of eddy current, static hysteresis, and anomalous loss has been
examined in great depth (Refs. 21 to 23) for low frequency (<1 kHz)
sinusoidal excitations.

With the growth of power electronics to higher power levels and
the employment of new converter techniyues, the need to understand the
properties of magnetic materials under nonsinuscidal conditions is
arising. Recent comparisons between sinusoidal and square wave core
loss (Ref. 5) indicate a lack of theory to predict the loss difference
observed between these two excitations. However, if the dependence of
the B-H characteristics upon the flux conditions described in Section
2.5 1s expanded, the loss characteristics for these two excitations may
be qualitatively observed, and predicted using easily obtained data.

In this chapter a comparison between sinusoidal and square wave

24
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core loss is made., The results are shown to be consistent with rhe
values published in the literature. Next, pulse width modulatec square
wave excitation is used as an analytical tool to achieve a true serara-
tion between the d¢/dt and BM effects. Finally, three methods are
developed to analytically predict the SCL for square wave excitation.
These results are compared with experimentally measured results ob-
tained under the same excitation conditiouns.
3.2 Specific Core Loss Measurements

To generate the SCL characteristics under square wave excitation
for the magnetic materials studied, data was taken by holding d¢/dt
constant and varying the excitation frequency. The power input to the
core was measured at regular frequency intervals. The actual values
for SCL in wa:ts/pound and By in gauss were calculgted from the

raw data using the following formulas:

Measured core loss in watts
Measuredé core weight in pounds

= SCL(W/1b) (3.1)

Measured erms in volts
3 = BM(gauss) (3.2)

kA _SFf Nx10"

where
k = 4 for square wave excitation

= 4,44 for sinusoidal excitation

Figure 6 shows the specific core loss for 1/2 mil cut Supermalloy
under both sinusoidal (Fig. 6(a)) and square wave (Fig. 6(b)). 1In
addition, comparisons are made with published sinusoidal data for these
two excitation conditions. The major difference between the published

and measured values for sinusoidal excitation may be accounted for by
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Figure 6. - Comparison of SCL characteristics for sinusoidal and square wave excitation with published data.
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several factors:
Probable accuracy of the published data
Accuracy of the core loss measurement
Limited raw core loss data available
Driving source impedance
Measurement of actual excitation voltage level
Value assumed for stacking factor
Batch variations for the magnetic material

Actual lamination thickness

It is interesting to note that for equal values of BM the SCL
for sinusoidal exc:I‘.tati'on is greater than for square wave excitation.
Example:

BM = 2k gauss frequency = 1 kHz

SCL (sine) = 0.078 W/1b

SCL (square) = 0.058 W/1b

From these results it can be seen that the SCL for square wave
excitation is approximately 26 percent less than the SCL for sinus-~
oidal excitation. This result is consistent with previous observations
(Ref. 5) which compared loss conditions for these two excitations,

To aid in the development of methods for specific loass calcula-
tions, data is replotted with the frequency and flux density axes
interchanged. Figure 7(a) shows SCL versus frequency with BM as
a parameter for cut 1/2 mil Supermalloy under sinusoidal excitation,
Figure 7(b) shows these characteristics for square wave excitation.

For square wave excitation conditions, d¢/dt was held constant as well

as frequency. This allowed the additional parameter of d¢/dt to be
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Figure 7. - SCL characteristics for sinusoidal and square wave excitation with axes interchanged.
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plotted on the same SCL characteristic (Fig. 7(b)).
3.3 Separation of Loss Variables at Constant Frequency

1f excitation is restricted to that of a constant frequency pulse
width modulated square wave, the d¢/dt effects may be determined for
various constant values of BM. Figure 8 shows the instantaneous wave-
forms for p(t), i(t), and e(t). Positive i(t) values correspond to
H (Ni(t)L-l) values to the left of the B-axis while negative i(t) val-
ues correspond to H values on the right of the B-axis. Also, p(t)
values are both positive and negative which corresponds to emnergy sup-
plied to or energy returned from the core.

Figure 9 showé the instantaneouys BeH 1loop of 1/2 mil Supermalloy
measured for various d¢/dt (change in duty cycle) values while holding
BM constant at 6.76 K gauss, and frequency constant at 2 kHz. From
tnis figure, it may be scen that as d¢/dt increases the B-H loop
area for that portion of the cycle also increases. Since the B-H
area is proportional to t = energy loss, and the additional B-H area
is proportional to d¢/dt, it is assumed that the additional half cycle
energy loss observed is proportional to d¢/dt.

This procedure was then repeated for several values of By with
frequency held constant with the results shown in Figure 10, From this
figure it is seen that for constant d¢/dt, the total core loss in-
creases with BM. If the lines of constant BM could be linearly
extrapolated, the ordinate (d¢/dt = 0) intercept would indicate the
hysteresis increase with BM’ The eddy current loss is dependent upon
both d¢/dt and BM‘ However, it is interesting to note that for a

constant value of BM’ the half cycle loss is linearly dependent on
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Figure 10. - Half cycle specific core loss per cycle vs dpldt with By as a parameter.
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dé¢/dt. This procedure shows that a true separation of the variables

d¢/dt, and BP

¢ may be achieved using pulse width modulated square

wave excitation techniques. These characteristics will be used to
qualitatively explain the differences observed in the B-H loop for
sinusoidal and square wave excitation.

A comparison of the B-H 1loop characteristics under both constant
(square wave (fig. 11(a)) and variable (sinusoidal (fig. 11(b)) d¢/dt
conditions measured while holding both frequency and BM (relates to
hysteresis loss) constant is shown in Figure 11. Figure 11l(c) illus-
trates some interesting conditions which, to the author's knowledge,
have never been shown in the literature. It has been shown (Fig. 10)
that the total half cycle core loss is composed of a hysteresis loss
which is proportional to BM’ and an induced eddy current loss propor-
tional to both d¢/dt and By-

Since BM is held constant, hysteresis loss is constant, and eddy
current loss is dependent on d¢/dt only. The following qualitative
observations may be made. At point 1, d¢/dt for the sine wave is
equal to zero wnile d¢/dt for the square wave is equal to some posi-
tive constant value greater than zero. Therefore, the core loss for
the square wave is greater (wider B-H width) than that for the sine
wave at point 1. As the flux density increases to point 2, d§/dt for
the sine wave reaches its maximum value. This value of d¢/dt is
~reater than the d¢/dt for the square wave, and the corresponding core
loss (B-H width) is greater. As the flux density increases to point 3,
d¢/dt's for the sine and square wave are approximately equal. This cor-

responds to an equal B-H width. As the flux approaches point 4 the

same conditions as point 1 are repeated.



(a) B-H loop with dg/dt - k.

fc Superimposed B-H loops and flux excitations
for constant and variable de/dt conditions,

Figure 11. - Comparison of B-H loop characteristics fcr constant and variable
dpldt conditions with frequency and By, as a constant.
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3.4 Analytical caiculatien Methods
Using the SCL characteristics for square wave excitation three
methods were developed which analytically predict the SCL  of a mag-
netic material for pulse width modulated square wave excitatioan. These
mechods are discussed in detail below.

Method 1 - Specific core loss based on By of the core. - The

SCL characreristics presented in Figure 7(b} relate the total specific
loss (hysteresis + eddy current = total loss) to frequency with By as
a parameter. This data will be used to determine the core loss charac-
ieristits witih pulse width modulated square wave core excitation. This
metnod is the most indirect approach to calculating the specific core
loss. 1t requires an accurate measure of the effective cross sectional
area of ti '»ore. Generally, this is a parametev whicl i3 not accu-
rately k. the power electronics designer.

Figure i shows the oscilloscope traces of a 100U Hz square wave
operating over 4 duty cycle range of 10 to 50 percent. For eéch duty
cycle the voltage for the positive cyele is adjusted to a maximum value
of 4 volts. The DC offset in the core is held to a minimum, Therefore,
tiie negative and positive half cycle vethﬁeccnds are equal.

In order to use the Figure 7(b) characteristics the Bﬂ value for
each duty cycle condition must be determined. This value may be ob-

tained as follows:
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3.4 Analytical Calculation Methods
Using the SCL characteristics for square wave excitation three
methods were developed which analytically predict the SCL of a mag-
netic material for pulse width modulated square wave excitation. These
methods are discussed in detail below.

Method 1 - Specific core loss based on By of the core. - The

SCL characteristics presented in Figure 7(b) relate the total specific
loss (hysteresis + eddy current = total loss) to frequency with By as
a parameter. This data will be used to determine the core loss charac-
teristics with pulse width modulated square wave core excitation. This
method is the most indirect approach to calculating the specific core
loss. 1t requires an accurate measure of the effective cross sectional
area of tI  -ore. Generally, this is a parameter whici is net accu-
rately k. the power electronics designer.

Figure i° :thows the oscilloscope traces of a 1000 Hz square wave
operating over a duty cycle range of 10 to 50 percent. For each duty
cycle the voltage for the positive cycle is adjusted to a maximum value
of 4 volts. The DC offset in the core is held to a minimum. Therefore,
the negative and positive half cycle volt-seconds are equal.

In order to use the Figure 7(b) characteristics the BM value for
each duty cycle condition must be determined. This value may be ob-

tained as follows:



Figure 12, - Waveform: excitation for a pulse width modulated square wave,
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From Faraday's law
e, = -N d¢/dex10-8 (volts)

Therefore

1

d¢/dt = -e, N x1o8 (maxwells/second)

For each cycle portion
Ad = (d¢/de)at

A = -ecu'l Atx108

and,
B, = 4628 )L = —0.5 e ar(na ) 1108 (gauss)
M e ° c e g
where:
A =A xSF (cad)
e [ o4

N = number of turns

e , At -+ related to duty cycle

C’

Using 1/2 mil Supermalloy as an example, for a frequency of

(3.3)

(3.4)

(3.5)

(3.6)

3.7

1000 Hz, the BM values corresponding to each duty cycle width can be

determined as follows:

B, (positive cycle) = -0.5 (3.9) (100x107%) (10x1.97) " x10

= -990 gauss

B, (negative cycle) = ~0.5 (-0.44) (900x10™°) (10x1.97) " x10

= 1000 gauss

BM (positive cycle) 3 BM (negative cycle)

8

8

Considering the positive half cycle only this calculation can be

repeated for the remaining four cases with the results shown below:
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+

Duty cycle, At-us e:, BM’
percent volts  gauss
10 100 3.9 290

20 200 3.9 1980

30 300 3.9 2470

40 400 3.8 3858

50 500 3.4 4315

This data can now be used with Figure 7(b) to determine the specific

core loss associated with each duty cycle condition. The results of

these calculations are shown on Figure 13.

During the experiment the specific core loss was measured for

each duty-cycle condition. A comparison between the megsured and cal-

culated results is shown in Figure 14. At the 50 percent duty-cycle

condition the error between the measured and calculated specific core

loss was:

SCLcalc = 0.31 W/1b

SCLmeas = 0.339 W/1b

SCLmeas - SCLcal

SCL
meas

percent error = € x 100 (3.8)

0.339 - 0.31

percent error = 0.339

x 100 = 8,6 percent

From these results it may be seen that the specific core loss can

be easily calculated for pulse width modulated square waves if the base

frequency, excitation voltage level, duty-cycle, number of turns, and

the effective cross sectional area of the core is known. Also, for a

constant input voltage as the duty cycle increases, BM increases, and

the specific core loss of the magnetic device increases.
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Figure 13. - Specific core loss characteristics for cut 1/2 mil Supermalloy under duty
cycle conditions.
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Figure 14. - Comparison of calculated vs measured vaiues of SCL for

12 mil Supermalloy as a function of duty cycle for a1 kHz - 3.9
wlt pulse voltage.
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Method 2 - Specific core loss based on d¢/dt in the core, - The

specific core loss characteristics presented in Figure 7(b) relate the
total specific core loss to frequency with BM and d¢/dt as param-
eters. If the BM parameter is ignored on this figure, the specific
core loss can be calculated by using the d¢/dt parameter and an
equivalent excitation frequency.

In the discussion of Section 3.3 the core loss was shown to be a
function of BM and d¢/dt. For a pulse width modulated square wave
with a constant positive d¢/dt and constant negative d¢/dt, BM is

determined directly by the length of time that the pulse is on. The

width of this "on pulse'" has an "equivalent" frequency of

-1 -1
feq = Teq = (Zton) (3.9

Also, it was shown that the total specific core loss per cycle
could be broken down into a half cycle loss dependent on d¢/dt.
Therefore, the total specific core loss may be determined using the

following velationship.

Total SCL = (SCL/cycle) (excitation frequency)

+ -
- {1 scCL 1 sCL
T+t 5o fox (3.10)
£ £
eq eq
where
+

SCL positive cycle specific core loss
SCL negative cycle specific core loss

feq positive cycle equivalent frequency

eq negative cycle equivalent frequency

fex excitation frequency
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Example:
10 percent duty-cycle case:

e+ = 3.9V
¢

0.44 V

[
[

1000 Hz

100x10~° sec

(a4
[}

900)(310-6 sec

"
"

Then
+ ¢ = + -1 = -6 -l =
£, = Q) (2x100x10™%) 5 kHz
£ = (2t )’l = (2x900x10-6)~! = 555 &
eq on z

using Faraday's law

1408

d¢/dt = e, N "x10

(do/dt)™ = 3.9(10) 1x10% = 39x10° maxwells/sec

8 6

(d¢/dt)” = 0.44(10)'IXI0 = 4,4%10° maxwells/sec

Replotting Figure 7(b) as Figure 15 with (d¢/dc)+, (d¢/dt) ", f+,
and f shown, the corresponding SCL's may be read directly from the
figure:

SCL+ = 0,082 watt/pound
SCL™ = 0.0063 watt/pound
Using the equation for the total SCL the following results are

obtained:

1/0.082 , 0.,0063
Total SCL = 5'(5000 + 555 ) 1000

Total SCL = 0.014 watt/pound
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Figure 15. - SCL for f;q and f;q with an excitation frequency (o) of 1 kHz and 10%
duty cycle.
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sumnarizing tiie results for the other conditions we have:

£ = 1000 Hz
base
Duty cycl £t £ ' 6 d” . 6
uty cycle, eq’ eq, do_ x10 max/sec —- x10
percent dt dt
Hz Hz
10 5000 555 39 4
20 2500 625 39 10
30 1670 714 39 16
40 1250 833 38 26
50 1000 1000 34 34

From Figure 15 the SCLY and SCL™ can be obtained.
using the total SCL equation:
20 percent duty cyele:

0.162 + 0.0275
2500 625

Total SCL = %( ) 1000 = 0.054 W/1b

30 percent duty cycle:

1/0.24 0.074
Total SCL = 3 (-i-(ﬁ—o + —.’l—r) 1000 = 0.124 W/1lb

40 percent duty cycle:

Total SCL = = +

1{0.3 0.192
2 \1250 833

) 1000 = 0.235 W/1b

50 percent duty cycle:

9.3 943—) 1000 = 0.3 W/lb

1
Total SCL '(1‘666 1000

2

max/sec

4

Again

In Figure 16 these calculated SCL's are comparea with the meas-

ured SCL values for these duty-cycle conditions. The percent error

is the same as obtained with method 1 (8.6 percent).

Method 3 - Specific core loss based on incremental d¢/dt in

the core. - The technique developed in method 2 allows determination

of the specific core loss based on the d¢/dt value for the entire

positive or the entire negative cycle of the square wave, In Sec-
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Figure 16. - Comparison of calculated vs measured values of SCL as
a function of duty-cycle for a 1 kHz - 3. 9 volt pulise voitage.
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tion 3.3 the dependency of the B-H width on d¢/dt was developed.
For a particular frequency and BM level a family of curves could be
developed for various d¢/dt values as shown in Figure 17. Using
actual square waves observed in this experiment (Fig. 12), it can be
seen that for any interval the actual exciting voltage is not a con-
st- + value. This would indicate that the corresponding d¢/dt values
over the cycle are not of constant value. If the waveform is broken
down into discrete sample intervals the corresponding locus of points
on the B-H loop may be plotted as At is incremented. The corre-
sponding B-H width would be a direct function of the pulse height
for that interval.. Figure 17(b) shows how the pulse height, d¢/dt, and
At would translate into a locus of points on the B-H 1loop. This
approach may be used to explain the B-H loop shapes observed under
various excitation conditions.

Relating these various d¢/dt rates to loss at the positive
equivalent frequency, the SCL characteristics of Figure 17(c) may
be used to determine the incremental core loss.

The loss per interval is calculated as follows:

™ = n at] = —1-; (3.11)
2f
where n = number of increments
AtI - 1+ (3.12)
2nf
The energy dissipated in Atz would be:
+
SCL
pEY = sat At - 2 (3.13)
i i1 qnf+

Lf AtI were made small enough, the difference between the incre-
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mental excitation and the actual excitation would approach zero as a
limit.
The total energy over the positive cycle is simply the summation

. +
of the incremental AE 's:

N n
- . Y
E; - AEY = 1 scut _MW-sec (3.14)
(i + /4 v i lb-cycle
: 2nf
i=1 i=]
Similarly the total energy for the negative cycle is
M m
Ep = | AE = —i— sl gt (3.15)
/4 i -4/ i 1b-cycle
— 2mf ¢
i=1 i=1
and the average péﬁer would be:
1-:; + E;
SCLT = gpecific power loss = + W/lb (3.16)
T + T

Applying this techmique to the 10 percent PWM square wave case we
have:

Positive cycle

+

i volts W/1lb
1 3.4 34 0.063
2 4.0 40 .092
3 3.9 39 .087
4 3.9 39 .087
5 4.0 40 .092

I 0.421
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Negative cycle

(AcIu:eizgl o) & %% 3 106 max/sec SCLi’
i s volts W/1b
1 0.2 2 0.00092
2 b 4 .0044
3 4 4 .0044
4 .4 4 .0044
5 44 4.4 .0055
6 .5 5 .0074
7 .5 5 0074
8 .55 5.5 .0091
9 .55 5.5 .0091
£ 0.05262
+ 1 _ -6 W-sec
Er = x5 = 5000 (0-42D) = 8.420 © =qe
- _ 1 . - -6 W-sec
ET *37%x9 %353 (0.05252) 5.267x10 ————‘lb-cycle
-6 -6
scr, = 84210 % 220710, 4 014 w/m
100x10 + 900x10
For the remaining cases we have
20 percent:
%Q
o\ + + _
: SCLi = 1.764 Ati = 20 us
i=1
" VserT = 0.298 At, = 100 us
f / i 1
i=1
1.764 . 0.298
SCLT = 2 X 10 x Zigo 2 < 8-; 625 = 0.065 W/1b
200x10 = + 800x10
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30 percent:
15
SCLY = 4.554 ot = 20 us
i=1
7
E ;SCL; = 0.621 At; = 100 us
i=1
4.554 4+ 0.621
scL, = 2222 X 1870 2 x 7 X 718 . g.153 /b
300x10 ~ + 700x10
40 percent:
" 20
( \ + +
} SCL; = 8.204 At = 20 ps
i=1
6
g :scx,i = 1.117 At = 100 ps
i=1
7.73 + - 1.117
soLy, = 2220 x 1250 2 X0 833 _ 4 266 w/1b
400x10"° + 600x10
50 percent:
25
\ Vst = 9.03 aet = 20 ps
AV et i
i=1
5
E :SCLi = 1.66 At = 100 us
i=1
9.03 + 1.66
SCLT - 2 x 25 x 1820 2 x J-; 1000 = 0.347 W/1b
500x10"° + 500x10

A comparison of this value with the measured results is shown in
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Figure 18. The error using this technique is less than that of methods
1 and 2.

The instantaneous p(t) waveforms are shown in figure 19. A
Phillips PM3252 multiplying oscilloscope was used to obtain p(t). I
the top photos a resistive load was used to verify the accuracy of the
multiplier. For the square wave the growth of p(t) is fairly linear
with time, which supports the preliminary assumptions used in devel-

oping this method.
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Method 3
SCleayc
“SClmeas

7

| | | | J
10 2 30 1) 50 60
Duty cycle, %

Figure 18. - Comparison of calculated vs measured values of SCLas a
function of duty cycle for a 1 kHz ~ 3.9 volt pulse voltage.
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CHAPTER 1V
GENERAL CORE LOSS AWALYSIS
4.1 Introduction

Analysis techniques such as harmonic analysis and digital simy-
lation of eddy current losses have previously been used for prediction
of core losses of distorted flux waveforms (Ref. 24). ‘Eddy current
correction factors (Ref. 25) have also been employed in estimating the
core loss of sinusoidal excitation considering only the fundamental
and one harmonic component. In this chapter method 3 of the previous
chapter is used to analytically predict the specific core loss for sev-
eral distorted waveform excitatioms.

Since tuis method is pased upon the summation of a large number of
sample points, the digital computer was used for high speed core loss
analysis. In order to minimize the number of subroutines of the com-
puter algorithm, a general characteristic equation was derived using
experimental data. This equation relates SCL to the equivalent fre-
quent’ and d¢/dt. An alternate equation which relates SCL to equiv-

~lont froquency and B, was also derived. For analysis of the SCL

M
caaracteristics a specific magnetic material having a known tape or
grain thicknesses, only a constant and two exponent values must be
supplied in the initial data format.

Using the square wave SCL characteristics and tke computer algo-

ritam, analyses were performed for sinusoidal and nonsinusoidal exci-~

tation conditions using Supermalloy, Square Permalloy 80, and ferrite

34
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materials. As a final illustration of the method, the sinusoidal core
loss cnaracteristics of a 1/2 mil Supermalloy material operating at
1000 Hz is measured experimentally and calculated analytically.
4.2 Development of Computer Algorithms
The SCL characteristics for various types of magnetic materials
is presented in appendix A. Due to the logarithmic nature of the char-
acteristics, the SCL equation for either the d¢/dt parameter or the

B, parameter would have the following form:
X \
SCL afeq (4.1;

The exponent x could be either positive (let x = d) or negative
(let x = u) depending upoun the parameter being examined. The constant
a is also a logarithmic function of either d¢/dt or B,. The equa-

tion for the constant is as follows:

a= g(d¢/dt)c (for the d¢/dt parameter) (4.2)

or

as= s(BM)z (for the BM parameter) (4.3)

Combining Equation (4.1) with the appropriate constant equation, the
following two equation forms may be used to determine the SCL for a

specific frequency and B, or d¢/dt level:

M
For d¢/dt:

SCL = g(d¢/dt)C f:q (4.4)

For B,:

d

z
SCL S(BM) feq

(4.5)

Values for the constants g and s, and for the exponents ¢, d,

z, and u for various magnetic materials were determined from the
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experimental data shown in appendix A. These calculated values are

shown in tables II and III. In Equation (4.5) at low flux densities,

the d exponent was determined by Steinmetz to be 1.6 for electrical
sheet steel (Ref. 26). For higher flux densities the value of the
exponent may be as high as 2.5. The values of the exponent as meas-

ured in these experiments falls within this upper limit., The value ot

the exponent was found to be dependent upon both the magnetic material

and the tape thickness.

TABLE II. - TABULATION OF THE CONSTANT AND EXPONENT

VALUES USED IN EQUATION (4.4)

Table II.1. - Supermalloy-Cut Core

Constant Tape thickness, mils
0.5 1.0 2.0 4.0
c 2,270 1.563 1.981 1.959
g 2.537x10°1° | 3.819x10710 | 3.240x1071° | 4.420x10714
u ~1.000 -0.811 -0.500 -0.345
Table II.2, -~ Supermalloy - Uncut
Constant Tape thickness, mils
0.5 1.0 2.0 4.0
c 1.951 2.000 2.090 2.040
g 7.48x10713 | 4.a30x10713 | 3.250x1071° | 1.124x10714
u | -0.408 -0.825 -0.561 -0.297
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Constant Tape thickness, mils
0.5 1.0 2.0 4.0
c 0.985 1.713 1.704 1.739
g 1.845x107° | 2.759x1071% | 1.201x1071% | 9.202x10713
u -0.349 =0.225 -0.226 -0.258
Table II.4, - Ferrite
| Constant Material
3B7
c 2,64
g 1.544x10712
u -1.6
TABLE I1I. - TABULATION OF THE CONSTANT AND EXPONENT
VALUES USED IN EQUATION (4.5)
Table III.1l. - Supermalloy -~ Cut Core
Constant Tape thickness, mils
0.5 1.0 2.0 4.0
d 1.210 1.307 1.467 1.670
z 2,038 2.084 1.948 1.948
s 2.876x10712 | 1.065x1071% | 7.99x1073 | 3.231x107%3
Table 1I1.2. - Supermalloy - Uncut
Constant Tape thickness, mils
0.5 1.0 2.0 4.0
d 1.230 1.300 1.53 1.750
z 1.940 2,000 2,110 2.020
s 4.297x1071% | 8.676x10713 | 9.578x107% | 1.056x10713
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58

Constant Tape thickness, mils
0.5 1.0 2.0 4.0
B d 0.624 1.456 1.459 1.613
z .976 1.696 1.722 1.884
s 1.718x107°% | 7.054x1071% | 7.330x1071% | 9.447x10713
Table III.4. - Ferrite
Constant Material
3B7
d 1.04
z 2.67
s 3.024x10713

The use of Equations (4.4) and (4.5) is not restricted to a com-
puter algorithm. Py using a simple hand calculator and the analysis
methods describ-d in Section 3.4 the SCL for a particular magnetic
material and tape thickness may be easily determined. An example of
this process is shown in Figure 20. For the waveform shown the posi-
tive half cycle frequency is 8.77 kHz, and the negative half cycle
frequency is 12.5 kHz. The measured SCL for this waveshape is 0.1l44

watts /pound. If the

SCL 1is calculated using 5 uys intervals, the
calculated value is 0.132 watt/pound. This represents an error of
8.3 percent. This error will be reduced by decreasing the sample

intervai.
A computer algorithm was developed which automates the analysis

of the large number of sample points encountered in applying this

method.

A listing of the program is shown in Figure 21, The input/
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o
M |- L
§VIdiv \I‘usl;
t = 10usldiv

Waveform excitation into a 1/2 mil
Supermalloy cut core

scL - 2.537x10°15 gl 7 ] a3

Internal et -V  dpldt - maxwellisec  SCLwatt/lb

(1 0 0 0
2 2.5 - 25x100 .013
ive |3 6.5 65x102 110
hatt <4 4 9.5 95x10 .21
cycle | 5 115 115608 .403
6 11.0 10ox108 . 364
7 8.5 85x10% . 203
L 8 5 5x100 0. 000
! 0 0 0
2 3 1x100 .027
3 6.5 65x10° 157
4 8.2 gax10® .266
e |9 8.0 goxa0é .297
hat | 6 7.0 70106 186
cycle 37 6.5 65x108 157
8 5.8 58x10° 121
9 5.0 sox100 . 087
10 35 35x106 .03
1 3.0 100 .027
12 1.0 10x106 .002
13 0 0 0

Using equation 3.16

134 _ 4 L%
SCLp - D8UZ. 5000 238710 . 132 watt ound
96.9x10°6

Figure 20. - An example % demonstrate the application of method 3
and the specific core loss equations.



0n0c339
00y 00
0005500
anes600
noosSTINOD
n0oSK00
at 3900
[ ]
[ DO
nro6.00
~E06300
00500
coOnG500
nonNEGAn
HNNET00
0006P 00
ngerarn
conrnen
nrerIee
PAFT26C
rEATION
cerinnn
orATSe:
orornne
oen7700
agnzecn
gnnrocn
geneonon
enrteien
0082890
enct3 o
TnNgenr
cneesoe
tnogcoc
craRrIen
£rngeno
nanpano
fgrargn
000990
ceroror
eonnsern
aeneyen
~n09500
POARERD
LLLLS LA
£nonroo
Apnanep
apranee
9010100
on1n"oo
nnlo3en
0016400
gn1nson
fhLncon
oninzon
FoF

o 6 N o0

L]

L]

o

30

el

o

50

$1

52

s3

a

60

-

-

190
110
115
120
17
200
21r

an
27

230
2er
240
3nn
310
370
33n
won
san
s1n
520
A00
616
520
g3n
640

60

DINENSION V(2,100),DPOT(2,100),57L(2, 100"
DATA SUPER, SQPERM, SQOPTH, FERT/°S*, D, 'AY, °F'/
NUMBER OF TUTNS ON TRANCFORMFR PRIMARY
READ(S,100) T

NUNBER OF DATA POINTS ~GR o PRIMARY VOLTAGE
REAB(S,110) J

NUMBER OF DATA POINTS FOR - PRIMAPY VOLTAGE
READ(S,110) K

VALUE OF DATA INCREMENT IN MICROSECONDS
:!AD(S.!OD) TINC

Jag

TRk

FONe1,./(2,«TINCoTJel.E~6)
FOFFel./(2.oTINCOTKe1 E-6)

READ N « PRIMARY VILTAGE VALUES
00 168 1=1,4

READ(S5,100)¥(1,1)
OPOT(]1, 1)=¥(], §)/(Tel . E-8)
CONTINUE

READ 1N - PRIMARY VNLTAGE VALUES
00 20 1=],X

READ(S,100) v(2,1)

DPDY{2, 1)e¥(2,1)/(Tel. 0NF-8)

CONT tMUF

OQUTPUT OF INITIAL DATA ENTRY
WRITE(6,199)

WRITE(G,600)

WRITE (6,200} T

CJTPYT o VOLTAGF |WFD

MRITE(, 210)FON

WRITE(G, 230)

00 30 1=1,4

WRITE(G,?60) ¥(1,1),0PDY(1,1)
CINTIRUE

OUTPUT -~ VOLTAGE IMFN

MRITE(G, 220)FOFF

WRi TF(6, 250)

DO AD tel,K

WRITE(E, 2h0) VI2,1),DPDT(2, 1)
CONTINUF

MATERIAL INFNTIFICATION ARP TWICKKRESS
PEAN(S, 115) fNATL

REANCS, 180)TULCK
IF(CHATL.SO_SONOTH) RO TO SP
TF{CRAT. . SN _SOPERI)CO TN $1
VF(CMATL.FQ.FERR)GO TO 57
IF(CIPTL.EN, . SUPFR)IGOD TN 53
TRITECE 300)THICK

WFITF(b,680)

M Y0 G0

MRITEI6, 310)THICR

YRITE(G,R3M)

Gh TO BN

WRITE(G,320)

URITE(G, F70)

GN YO 6O

HRLTE(G, SINTHICK

WRITF(G6,610)

60 TO AC

CALCULAT. CAMVEDTED OPFRATING FREMIENCY
FREQe], /({71 CoTdeTINCOTN)e] Fur)
URITE(G, MOAIFPTD

PFAD(3,170)"

READ(S,1°M)0

AEALLS, 106)

CRECULATE SPECIFIC CPPF LASS END NI AYD NEF 1PAVECART S
[inaA T L0 PV

QELOL, 1) e (DPDT({], 11eaC)elEnvanl =t })
SCLNeSCL(T, 1)e50LN

conTLinf

TICLOGCLN/(THe «FP1}

VPITE(A, SN)TACLD

AL LI N

5CL(2,1)

(PPOT(~, 1)esC)elFNTCea( " )}

SELFeSCL{D, 1,4S0LF

conTIne

TSCLE=SCLF/(Tre? «FNFF)

PITE(F €10)TRELT

CALFLATE TOTAL SPECIFIr ranp (nsn

TECLR (TSTLNeTARIT)0EPEN

TRITE(R, S20)757L

FOPESY(FO0,7)

FORI'AT( 3

FDMAT(AL)

EOPMAT(ELR, %)

FOPPATCIN 1,25 3, T1TPIHT DATA FAP B PFTLIE AMECAMT 50 A1y~
FOPAT(Y WIRED OF PRITARY Tronge! =207, ,7)

FATZTEY PACITIVE VALTACE FONUALENT $REM “rryet €90 7,0 w7’/ /)

ENRNAT(//, " PERATIVE YNITARE FADIVALFNT CEMITpCvel €28 3 0 w2t j7)

FaPHAT(! 4 IVF Un° TAAFNg T PPIAT=1AY TR, /)

rFOPHAT( RN ARNTA 711 PULIE PRINT=HAYIGECY /)

FOPMAT(2FO0.7)

FOPUAT(UN, /, V3Y'SPEAIEYL PANE 1NST (5] ) EARY en v Y 5N, NATHOAPAL MATEPIAL®)
FOPPATCING, /, 10 L0 " 4 CPEDE IASS (SFL) FART o o 0 ppy 10, PERUALNY #0 ATERY, LY)
€OPIAT(INY, 7,22 058 C PAPE {AS® (SF1L) FOP FENDITE MATERIALSY)

FOPLAYCENY, /7,0 ox ' ° CRANE LSS (SPL) TART ER 1,0 1) SUPEDEALLAY NATEN AP Y
EOPIAT(INY, ' [ .7 DEPATIMC EPENUENCYe' €38 7 prvy

EAPMATL/, Y SOY ot 5 T, UATT-DER/|RerYrLeY)

FOPIATI/, ' SPL FEFm 720, 7, ' VATT=CFC/IR-CYCIET)

EARVAT(/,® TOTAL SEL®',F20,7,° HPTL /P, /11D

FAPMAT( 2L, " ssevavee e’ /)

FO"NAY(!’X,' eceee ast)
FAPMAT(21), Yoes 8040000000 c0TRRRcIne: 200t RetOesse’)

FAPHAT(NX, 'eeee seven » seoesnee’)

FOPMAT (17X, 000000000000t cretorsneeenenciostertssitetstneedtscers 20anedrene')

sTnP
PN

Figure 21. -~ Program listing for SCL analysis program.
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output formats are shown in Figure 22,

The same example shown in Figuie 20 was recalculated using the
computer algorithm with the sample interval decreased to 2 us. The
calculated SCL for this example was calculated as 0.142 watt/pound.
This represents an error of only 1.4 percent when compared with the
experimentally measured SCL of 0.144 watt/pound.

This example demonstrates that the third method developed in Sec-
tion 3.4 may be used to determine the SCL for highly distorted wave~
forms. Also, by decreasing the sample interval the accuracy of the
analysis will be improved.

4.3 Examples

In this section five examples are presented which demonstrate
the accuracy of the incremental d¢/dt method. Three magnetic mate-
rials were used in the analysis with experimental measurement of their
SCL made under both sinusoidal and nonsinusoidal excitation. The
waveforms us.d in these analyses are shown ia Figure 23. Both ferrite
3B7 material and Square Permalloy 80 were analyzed using these wave~

forms. The results of these SCL analyses are shown below:

Material Sinusoidal excitation |Nonsinusoidal excitation
Calculated | Measured Calculated| Measured
Ferrite 0.388 W/1b]0.369 W/1b 0.244 W/1b[0,247 W/1b
Square Permalloy 80| .,777 W/1lb| .716 W/1b 889 W/lb| .831 W/lb

Tne percentages of error shown for these examples are consistent
with thos. measured for the previous examples. Therefore this method
may be used for analysis over the wide range of excitation conditions

encountered in the application of the magnetic materials.
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IPUT FORMAT

10.
12
12
2.

2.
.825

L2610

# of turns
# of +ive sample PTS
# of ~ive esmple PTS
4t  in usec

>+e(t) values

r-o(t) values

material type
tape thickness

;.530&-13 8 - constant

u}cnnmnnt-

OUTPUT FORMAT
INPUT DATA FOR MAGMETIC WAVEFORM ANALYSIS

GECERRESCEAERELANRICRRNCRNROORNENDNONORNREND

NUMBER OF PRIITARY TURNS®= 0.1000000€ 02

POSITIVE VOLTAGE

+IVE VOLTACE-

0.1763999E
0.5132999E
0.73995999€
0.1007000E
0.1117000€
0.1117000E
0.1007000€
0. 7995998E
0.5132999€
0.1763999€E

HEGATI VY VOLTAGT

~IVE VOLTAGE-

0.1763929¢€
0,5132999%
0.7995999E
N. 1007N0NE
0.1117000E
0.1117000€
0,1007000¢€
0,7995399¢
0,5132999€
0,1763999€

SPECIFIC CORE LOSS (SCL) FOR 0.SE 00 1L SUPERIALLOY HATERIAL

VRN CRCERORNACRANQANQORNGEee ettt edaeetetedeetatansaesRteaeetse

EQUIVALENT FREQUENCY= 0.1000001F 04 HZ

YOLTS DP/DT-MAX/SEC

0¢ 0.17Gh000€ 07
0o 0.5133001E Q7
00 0.7996002€ 07
01 0.1007000€ 08
0l 0.1117000€ 08
13} 0.1117000€ 0%
01 0.1007000E 038
00 0, 7996002E 07
00 0.5133001F 07
00 G.17040C9E 07
LQUIVALENT FREQUENCYw 0, 1N0000N1E 04 HZ

VOLTS DP/DT-1HAX/SEC

00 N.17660907 7
(3} G.S133001€ 07
00 0.7996002€ 07
01 f,1angrneg 08
01 0.1127000€ 08
01 0.1117000E 08
01 0.1007060E 01
00 0. 7996002€ 07
00 0.5133001€ 07
00 0.1764000€E 07

CUNVERTER OPENATIIIG FREQUENCYs 0.1000001E Ok HZ

SCL ON = 0.
SCL UFFe 0.

TOTAL §CLe=

G189252E-05 WATT-SEC/LB-CYCLE
6189252E-05 WATT-GEC/LB=-CYCLE
0.1237851E~-01 WATY/LB

Figure 22. - Input-output formats for automated calculation of SCL of a Aragnetic material,

29



(b} Nonsinuseidal excitation,

Figure 23, - Waveform excitation for sinusoidal and
nonsinusoidal conditions,
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This method may also be used with the square wave SCL character-
istics to determine the SCL characteristics for sinusoidal excitation.
Figure 24 shows the results of an analysis of a 1000 Hz sine wave for
various BM levels. The calculated results shown as a bold line are
compared with the measured sinusoidal characteristics for 1/2 mil
Supermalloy material. The results show that an extremely accurate

SCL characteristic may be achieved by this method of analysis.
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1.0— Frequency, hertz
— 10K8K 6K 4K 2K 1000 800
0K 000 )00
B Q Calculated SCL for
f = 1000 Hz D
- 400
— 200
g | =
— 0
.01 | I | J
100 1K 10K

Flux density, gauss

Figure 24. - Comparison of calculated and measured resuits for specific core loss of
1/2 mil cut Supermalloy under sinusoidal excitation at 1000 Hz.



CHAPTER V
CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH
5.1 Conclusions

The research covered in this dissertation provides the power elec-
tronics designer with a unique amalytical tool for investigation of the
core loss characteristics of magnetic materials. Analysis methods pre-
viously available were based strictly on sinusoidal excitation volt-
ages. Core loss anaiysis has been based on the assumption that eddy
current and hysteresis loss components are separable. By using a
novel excitation technique employing a pulse width modulated square
wave, a true separation of these two loss components was shown experi-
mentally. This approach provides a straightf.rward analysis technique
to characterize the basi: core loss process of new materials (Ref. 27).

For fixed BM conditions the width of the B-H loop was shown
to be a direct function of d¢/dt. If this concept is expanded, a

family of B-H curves for various B, levels may be constructed.

M
Using this family, an operating B-H locus may be constructed for any
type of waveform excitation. This approach was used to explain the ob-
served difference in B-H width when excited from either a voltage
sour. e (narrow B-H width) or a current source (wider B-H width).
The flux characrteristics under these two source conditions directly
influence the observed B-H shape. For sinusoidal voltage excitation

the flux is cosinusoidal in shape and has variable d¢/dt wvalues over

one cycle. For sinusoidal current excitation the flux approaches a

66
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square wave. This excitation causes correspondingly higher d¢/dt
values than those encountered for cosinusoidal flux conditions.

These results demonstrate the advantage of using square wave ex-
citation as an analysis tool to determine core loss characteristics,
In addition, with square wave excitation the application of Faraday's
law becomes straightforward as d¢/dt is a constant value. The spe-
cific core loss characteristics were experimentally measured by hold-
ing d¢/dt constant and varying frequencies to develop a family of
core loss characteristics.

In Chapter II the state-of-the-art instrumentati.» system is
discussed. This system was used to obtain large quantities of core
less data quickly and accurately. Through the use of a high power
operatioi amplifier, and three different feedback conditions, cur-
rent, voltage, and flux sources were easily simulated. This allowed
the magnetic characteristics of a large number oi source and excita-
tion conditions to be compared and measured easils. With square wave
excitation d¢/dt rates could te calculated di: from excitation
voltage levels. A true rms voltmeter was used tr measure the excita-
tion voltage level. Accurate core loss was measured for a large num-
ber of data points using a wideband wattmeter. This wattmeter has
the capability of measuring the power in a 100 kHz square wave to
within 2 percent. Instantaneous energy measurements were obtained
with a multiplying oscilloscope. A four channel oscilloscope with
both time base and X-Y capabilities allowed simultaneous observation of
e(t), i(t), p(r), ¢(t), and the B-H loop characeristics of the par-

ticular magnetic material under test.
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Also in tauis chapter four different methods for determining stack-
ing factor were covered. Stacking factor error in the published liter-
ature is as great as 40 percent. With the measurement methods used in
this chapter to determine stacking factor, results consistent to within
5 percent were obtained. Of the four methods used, the oil disnlace-
ment method yielded the most conservative value for the stacking factor
parameter.

Using the SCL characterigtics determined under square wave exci-
tation, and the concept of separation of loss variables at constant
frequency presented in Chapter 1II, three analysis techniques were
developed which predict the specific core loss of a magnetic material
under square wave excitation. The three methods calculated this core
loss on the basis of maximum flux density in the core, rate of change
of flux within the core, or upon the incremental rate of change of flux
in the core.

In Chapter IV the third core loss method was extended to include
the analysis of both sinusoidal and nonsinusoidal excitation condi-
tions. To implement the method quickly and reliably, generalized spe-
cific core loss equations of the various magnetic materials were de-
rived using experimental data. Once these equations are derived, the
specific core losses for various excitation conditions may be readily
calculated using a hand calculator. For the examples analyzed in this
dissertation a computer algorithm was written to provide a high speed
analysis tool which implements the concepts of method three. Analyti-
cal core loss predictions compared well with experimentally measured
core loss data. These analysis methods are applicable to a broad

range of excitation conditions. In addition, the basic SCL charac-



69

teristics of any desired waveform excitation may be derived.
5.2 Applications in Power Electronics

Most converters in use today excite the magnetic components with
some well defined flux waveshape. The emergence of highe¢r power level
requirements has led to the development of certain converters using
L-C resonant power stages. In these converters the magnetic devices
are excited by pseudo-sinusoidal curreuts. The analysis methods de-
veloped in this dissertation are directly applicable to the analysis
of the magnetic material behavior under these excitation conditions.

Since all DC-AC/DC converters operate from some steady-state
source of raw power, the magnetic exciting voltage as a function of
time is a symmetrical or asymmetrical rectangular wave. The exact
voltage pulse width is determined by the duty-cycle control mechanism
which is incorporated into the converter. In terms of timing imple-
meniation, the available duty cycle control schemes are:

Constant on-time Tn’ variable off time Tf
Constant Tf, variable Tn
Constant (Tn + Tf), variable individual Tn and T

f

Variable Tn, Tf,

In the examples shown in Chapter III, the duty cycle directly affects

and (Tn + Tf)

the SCL of the magnetic material. Therefore, “he magnetic losses
associated with these converters are not fixed, but become direct
functions of duty cycle. The three SCL analysis methods developed
allow detailed performance calculations of the magnetic loss experi-
enced in these converter applications.

5.3 Optimization of Tape Thickness

Using the SCL characteristics of a specific magnetic waterial
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the core loss dependence as a function of tape thickness was investi-
gated. Holding BM and d¢/dt constant for the four tape thick-
nesses measured, it appeared that an optimum tape thickness existed
for each of the three magnetic materials tested.

Previous work (Ref. 28) has shown a similar optimization to exist
with respect to grain size of the magnetic material. Since the mag-
netic materials examined in this dissertation were picked from random
material batches with uncontrolled grain size, additional controlled
experiments us‘ng the square wave SCL characteristics as a measure
should be performed to examine this observed condition. 1f a true
optimum tape thickness for a given material exists, the traditional

practice of using thinner magnetic tapes for higher frequencies would

have to be reevaluated.



APPENDIX A
SUMMARY OF SPECIFIC CORE LOSS DATA FOR FERRITE, SUPERMALLOY,
AND SQUARE PERMALLOY 80 CORE MATERIALS

The magnetic core loss characteristics are shown in this appendix
with SCL (watts/lo) as the dependent variable, and frequency (Hz) as
the dependent variable. Flux density (gauss) and d¢/dt (maxwells/sec)
are shown as parameters, While the unite given for ~7L are not in
international units, 'they are consistent with those used in published
data for sinusoidal core loss characteristics. For the tape wound
materials tape thicknesses of 1/2, 1, 2, and 4 mils are presented.

The ferrite core loss characteristics are for 3B7 material,
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Figure A. 1. - Specific core loss characteristics for 3B7 ferrite.
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APPENDIX B

GLOSSARY OF SYMBOLS

Ac physical cross sectional area of core, cm2
Ae effective cross sectional area of core, cm2
B flux density, gauss
BM maximum flux density, gauss

1

d¢/dt rate of change of flux, maxwells-sec
e(t) excitation voltage, V
e core voltage, V

ei(t) input voltage to core sample, V

AE; incremental energy, w-sec-lb-l-cycle_l
Ep total energy, w-sec~1b_l-cycle.l

f frequency, Hz

f:q positive equivalent frequency, Hz

;q negative equivalent frequency, Hz

fex excitation frequency,K Hz

H magnetizing force,

i;(t) input current to core, A

k transformer equation constant
L mean magnetic path, cm

m negative half cycle increments
N number of turns

n positive half cycle increments

p;(t)  input power to core, W
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core
Fe

wcore
air

AW

86

density of core, gm/cm3
density of oil, gm/cm3

flux, maxwells

maximum flux, maxwells
instantaneous flux, maxwells
specific core loss, w-lb.1
incremental specific core loss, W~1lb
total specific core loss, W—lb_1
stacking factor

incremental time interval, sec

total volume of core structure, cm3
volume of iron, cm3

weight of core in air, gm

hysteresis loss, J-cycle"1

displacement weight, gm

1
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